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CAPRI is a community-wide experiment to test protein-protein docking methods in blind predictions.
The Toronto meeting assessed structure predictions made from 2005–2007 on nine target protein-
protein complexes or homodimers, and reported new developments in functions used to score pre-
dicted interactions, in treatment of conformational flexibility, and in taking nonstructural information
into account in the predictions.INTRODUCTION
The critical assessment of predicted interactions (CAPRI)
experiment recently held its Third Assessment Meeting in
Toronto, Canada. CAPRI is a blind prediction experiment
modeled after CASP (critical assessment of techniques
for protein structure prediction) and like CASP, it relies
on the willingness of structural biologists to provide un-
published X-ray or NMR structures as targets. CASP tar-
gets are single proteins whose fold must be predicted
from the amino acid sequence (Moult et al., 1995). CAPRI
targets are protein-protein complexes that the predictors
model by docking proteins of known three-dimensional
structure (Janin et al., 2003). CAPRI is relatively young
compared to CASP, and the scale of the experiment is
smaller. CASP has been holding a round of predictions
every two years since 1994, with its last round involving
over 100 targets and 300 predictor groups (http://
predictioncenter.org/casp7). CAPRI began in 2001, but it
has no fixed timetable: a prediction round starts any
time a target becomes available. Up to now, the experi-
ment has completed 12 rounds of predictions on a total
of 28 targets. About sixty predictor groups participated
in the recent rounds. All targets and predictions can be
accessed at http://capri.ebi.ac.uk/. The results of Rounds
1–5 have been reported at Assessment Meetings held in
La Londe-des-Maures, France (2002), and Gaeta, Italy
(2004), and fully published (see the CAPRI Special Issues
of Proteins: Structure, Function and Bioinformatics, Vol.
52.1, 2003; Vol. 60.2, 2005; 2007 [to be published], and
the presentations made in Toronto at http://caprimeeting.
ccb.sickkids.ca/presentations.html). The Toronto meeting
assessed Rounds 6–12 held after 2004.
Protein-protein interaction is a central theme of func-
tional genomics. In yeast, humans, and other model or-
ganisms, we know from recent large-scale experiments
that many proteins are part of multicomponent assem-
blies, a category that is poorly represented in the Protein
Data Bank (PDB) (Dutta and Berman, 2005) and is likely
to remain so in spite of recent efforts by the structuralStrubiologist community. While the repertoire of individual
protein structures is being filled by high-throughput struc-
tural genomics programs, the sampling of their interac-
tions remains sparse. Research programs that combine
crystallography, NMR, and cryoelectron microscopy are
effective but low throughput, and there is room for parallel
in silico approaches that generate structural models of
assemblies based on the structure of their components
(Vajda et al., 2002). If such models are correct, at least in
their gross features, they will be very helpful in designing
biochemical or genetic experiments. But can they be
correct at all? Blind predictions should tell us how well
docking methods perform and how reliable the models
are—and that is what CAPRI aims to achieve.
CASP, CAPRI, and Structural Genomics
CASP and CAPRI are sister experiments. In Toronto, the
connection was made by J. Moult (University of Maryland,
Rockville) in a keynote lecture devoted to the recent
CASP7 round. Tertiary structure prediction is now a ma-
ture field, largely occupied by automatic servers or meta-
servers. J. Moult notes that it has evolved away from phys-
ics and into informatics. The atomic force fields of earlier
days have been replaced by potentials trained on known
structures, and fold recognition methods now rely on ma-
chine learning rather than physical principles. Algorithms
that combine the two have had the best performance in
CASP7 (Y. Zhang, University of Kansas). Empirical ap-
proaches to tackle conformational changes are also gain-
ing ground. I. Bahar (University of Pittsburgh) presented
one such approach, the Elastic Network Model, in which
each residue is represented by a point mass linked by
a spring to its neighbors. This seemingly crude description
of proteins has been remarkably successful in approxi-
mating observed conformation changes in many systems
(Bahar and Rader, 2005), including large assemblies such
as the GroEL chaperonin, and it should be suitable for use
in docking procedures where modeling conformation
changes is a major difficulty.cture 15, July 2007 ª2007 Elsevier Ltd All rights reserved 755
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Target Complex PDB code Reference Biological Function Typea Prediction Qualityb
T20 HemK/RF1 2b3t Graille et al., (2005) Translation termination UH acceptable
T21 Orc1/Sir1 1zhi Hou et al., (2005) Transcription regulation UU medium
T22 U5-15k/U5-52k 1syx Nielsen et al., (2007) RNA splicing UU acceptablec
T23 hGBP1 dimer 2b8w Ghosh et al., (2006) Signal transduction Q incorrectc
T24 Arf1/ARHGAP21 2j59 Me´ne´trey et al., (2007) Signal transduction UH acceptable
T25 UB high
T26 TolB/Pal 2hqs Bonsor et al., (2007) Membrane transport UU medium
T27.1 HIP2/Ubc9 2o25 Walker et al., personal
communcationd
Protein processing UU incorrect
T27.2 medium
T28 NEDD4L dimer 2oni Walker et al., personal
communicatione
Protein processing Q incorrect
a Type: B, bound; U, unbound; H, homology model; Q, quaternary structure.
b Quality of the best models submitted on each target. The quality of a CAPRI model is judged from three parameters: the fraction (f)
of the residue-residue pairs in contact in the target X-ray structure that are present in the model; the root-mean-square distance (L)
between the Ca of one component in the model and the target after superimposing the other component; the same quantity (I) eval-
uated only on the interface residues (see Mendez et al., 2003, for details). In short, a model is high-quality if f > 0.5, L < 1 A˚, I < 1 A˚;
medium-quality if f > 0.3, L < 5 A˚, I < 2 A˚; acceptable if f > 0.1, L < 10 A˚, I < 4 A˚; incorrect if these criteria are not met.
c Predictions were canceled except for automatic servers.
d J.R. Walker, G.V. Avvakumov, S. Xue, E.M. Newman, F. Mackenzie, J. Weigelt, M. Sundstrom, C.H. Arrowsmith, A.M. Edwards,
A. Bochkarev, S. Dhe-Paganon, personal communication.
e J.R. Walker, G.V. Avvakumov, S. Xue, C. Butler-Cole, J. Weigelt, M. Sundstrom, C.H. Arrowsmith, A.M. Edwards, A. Bochkarev,
S. Dhe-Paganon, personal communication.Structural genomics (SG) is in the background of both
CASP and CAPRI. Originally designed to study single
gene products, SG is now the main source of CASP tar-
gets. In CAPRI, it provides not only some of the structures
used for docking, but also some of the target complexes:
several originate from the Yeast Structural Genomics Lab-
oratory in Orsay and, recently, from the Toronto Structural
Genomics Consortium (SGC), which was represented by
C. Arrowsmith (Ontario Cancer Institute, Toronto). SGC,
one of the most successful SG programs worldwide,
now centers its activity on protein families and their inter-
actions rather than on single proteins (http://www.sgc.
utoronto.ca/). A similar evolution has taken place in
Europe, where the European Union funds programs
3D-Repertoire (http://www.3drepertoire.org/) and
SPINE2-Complexes (http://www.spine2.eu/) aiming to
systematically overproduce multicomponent assemblies
and analyze their structures. Thus, protein-protein com-
plexes are now SG targets in Canada and Europe.
Assessing Rounds 6–12 of CAPRI
Moving to CAPRI proper, J. Janin (Universite´ Paris-Sud,
Orsay) presented the targets of Rounds 6–12 held in
2005–2007, and S. Wodak (Hospital for Sick Children, Tor-
onto) and M. Lensink (Free University, Brussels) gave an
overview of their evaluation of the predictions submitted
for these targets. Rounds 6–12 had nine targets based
on the X-ray structures of six protein-protein complexes
and two homodimeric proteins (Table 1). All were new,756 Structure 15, July 2007 ª2007 Elsevier Ltd All rights reserbut Round 8 had to be cancelled because a Google search
found Web images of the experimental structures un-
known to their authors. Predictor groups were allowed
to submit ten models of each target, and their submissions
were assessed by comparison to the X-ray structure.
Rounds 9–12 also included a scoring experiment. The pre-
dictors were invited to upload a larger set of models which
was made available to groups developing scoring func-
tions. These scorer groups reranked the uploaded set
and made their own ten-model submission based on
that set.
Overall, the nine targets represent a variety of biologi-
cally relevant interactions implicated in gene expression,
signal transduction, RNA and protein processing, and
membrane maintenance. In the past, a majority of the
CAPRI targets were antibody-antigen and enzyme-inhibi-
tor complexes, mostly of the ‘‘unbound/bound’’ type
where the unbound component is the structure of a free
protein, and the bound component is taken from the
complex. The absence of conformation changes makes
docking a much easier exercise with bound than unbound
proteins, but bound docking is not considered in CAPRI,
for it has little predictive value given that the structure of
the complex must be known in advance.
In Rounds 6–12, all the targets were unbound: the com-
ponent structures were taken straight from the PDB, or
else built by homology from a PDB entry. Round 9 made
an exception to that rule. It had two targets, T24 and
T25, representing the same complex between Arf1 andved
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et al., 2007). Arf1 is a small G protein, and ArfBD is a PH
(plekstrin-homology) domain. In T24, predictors had to
build ArfBD by homology to known PH domains and
dock it onto the unbound structure of Arf1. In T25, Arf1
was the same, but ArfBD was taken from the complex.
The predictors were successful on both targets, but T25
yielded only ‘‘acceptable’’ models according to the CAPRI
evaluation criteria, whereas T25 had a high-quality model,
submitted by the group of M. Eisenstein (Weizmann Insti-
tute, Rehovot), and several medium-quality models.
CAPRI categorizes models depending on the geometry
of the complex and the fraction of the native residue-
residue pairs in contact that are present in the model
(Mendez et al., 2003). An acceptable model contains more
than 10% of the native contacts. Its geometry is generally
poor, but many of the residues at the interface are cor-
rectly identified, which makes it a good starting point for
site-directed mutagenesis. In the acceptable models of
T24, the two molecules were misoriented by 40–55, but
the predicted contacts included 30%–40% of the inter-
face residues on Arf1 and 80%–90% on ArfBD. The best
submitted models of T25 were much more accurate,
with the two molecules within a few degrees of the correct
orientation and over 90% of all interface residues correctly
identified.
Success and Failures on CAPRI Targets
In Rounds 6–12 and in addition to T25, there were good
models of T21, T26, T27, and acceptable models of T20,
T22, T24. Prediction failed on T23 and T28, two targets
where the structure of a homodimer had to be predicted
from that of a monomeric form of the protein. T23 was
canceled with Round 8, so the failure on this target is
not meaningful, but that on T28 is. T28 is the HECT domain
of the NEDD4L ubiquitin-ligase, observed to be dimeric in
the crystal whereas PDB homologs such as Wwp1 and
Smurf2 are monomeric. CAPRI groups had to build the
monomer by homology and model the dimer. They failed
because a domain at the dimer interface in NEDD4L un-
dergoes a large rotation relative to the rest of the subunit,
and they could not predict that movement. This confirms
an observation made in previous CAPRI rounds: quater-
nary structure prediction is a difficult exercise in spite of
the symmetry constraints, due to the large changes that
take place within the subunits.
T20 is a good illustration of the challenge represented
by conformation changes in docking. This target is a com-
plex between the E. coli HemK methyl-transferase and
peptidyl-tRNA Release Factor 1 (RF1), a substrate that
HemK methylates on the glutamine of a conserved GGQ
motif (Graille et al. 2005). The predictors were given the
X-ray structures of free HemK and of two RF1 homologs.
Knowing that the GGQ motif is at the active site of the en-
zyme should have made docking easy, but the motif is part
of a mobile surface loop. In the complex, it moves away
from the body of the RF1 molecule and reaches deep
into the active site pocket. None of the CAPRI predictors
reproduced that movement accurately, but there wereStacceptable models in the submission of C. Wang and
D. Baker (University of Washington, Seattle). This group
used a Monte-Carlo refinement procedure that moved
the loop in the right direction and improved the geometry
of the complex.
On unbound targets, the best results were for T21, T26,
and T27. T21 (Orc1/Sir1) is part of the origin recognition
complex that prevents transcription of DNA at replication
origins in yeast (Hou et al. 2005). In that target, the confor-
mation changes are only side chain rotations and small
backbone shifts. T26 (TolB/Pal) is a complex between
two proteins involved in the maintenance of the E. coli
outer membrane (Bonsor et al., 2007). TolB has two do-
mains, and there is a domain rotation in the complex as
in NEDD4L, but it does not affect the interface with Pal,
so the docking procedures could reproduce the interac-
tion (Figure 1). T27 is quite a different story. This target is
a complex between the SUMO-conjugating enzyme
UBC9 and the ubiquitin-conjugating enzyme HIP2, a
substrate of UBC9 (J.R. Walker, G.V. Avvakumov, S. Xue,
E.M. Newman, F. Mackenzie, J. Weigelt, M. Sundstrom,
C.H. Arrowsmith, A.M. Edwards, A. Bochkarev, S. Dhe-
Paganon, personal communication). The crystal asym-
metric unit contains two UBC9 and two HIP2 molecules
that may be paired in at least two different ways to make
either a biological interaction or a crystal packing contact.
Figure 1. Predicting Target T26
T26 is a complex between E. coli TolB and Pal, offered to CAPRI by
C. Kleanthous (York University). Here, Pal is drawn as a molecular
surface; unbound TolB (PDB code: 1crz, blue ribbon) is superimposed
on TolB in the complex (cyan) to show the rotation of the distal domain.
Forty predictor groups including six servers submitted models of T26.
Dots mark the position of the molecular center of Pal in these models;
22 models are of medium-quality (blue dots), 20 are acceptable (cyan),
the remainer are incorrect (yellow). Courtesy of Dr. M. Lensink
(Brussels).ructure 15, July 2007 ª2007 Elsevier Ltd All rights reserved 757
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1, initially retained by the authors of the X-ray structure. In-
stead, the predictors picked the pair marked T27.2, which
buries more protein surface than T27.1. T27.2 involves the
lysine of HIP2 that reacts with SUMO, whereas T27.1 uses
the opposite end of the elongated HIP2 molecule. Four
groups submitted medium-quality models of T27.2, and
there were many acceptable models in other submissions.
Further experiments will eventually decide between the
two modes of HIP2/UBC9 association, but we should
not dismiss the possibility that they are both biologically
relevant. UBC9 and HIP2 are two components of a major
protein degradation system subject to elaborate regula-
tion mechanisms. They probably interact with many other
proteins, and both ends of HIP2 may well be implicated in
these interactions. Thus, the models of T27.2 issued from
the predictions may be valuable even if T27.1 proves to be
the right solution.
CAPRI and the Development
of Prediction Methods
Developing methods is a major objective of all CAPRI
groups, and the Assessment Meeting provides a unique
occasion to discuss them. The basic tools of protein-
protein docking are search algorithms that explore the de-
grees of rigid body translational/rotational freedom of the
proteins, generating millions of candidate binding modes
and giving each mode a score. These algorithms are
well established (Smith and Sternberg, 2002; Halperin
et al., 2002) and the recent work has been focused on
three points: improving the scoring functions, making
the molecules flexible, and taking nonstructural informa-
tion into account.
The role of scoring is to identify native-like binding
modes in the output of the docking calculations: modes
where the geometry of the two molecules is close to the
experimental structure and the correct contacts are
made at the interface. In practice, a docking algorithm
may return no native-like mode because it is unable to
model the conformational change that takes place. Alter-
natively, native-like modes are being output, but cannot
be singled out from among thousands of false positives
with similar or better scores. Prediction methods generally
use two types of scores: a fast and crude estimate of the
geometric and physical chemical complementarity during
docking, and a more elaborate potential function during
subsequent refinement steps. Both types are the subject
of active research, and the CAPRI scoring experiment is
designed to test their performance. Recent versions of
the scoring schemes for docking include terms specifi-
cally designed to discriminate between true and false pos-
itives, derived from statistical analyses as a potential of
mean forces or by a machine learning procedure. In Tor-
onto, Z. Weng (Boston University), F. Jiang (CAS Institute
of Physics, Beijing), and S. Vajda (Boston University) de-
scribed new statistical potentials, M. Sternberg (Imperial
College, London) presented an inductive logic program-
ming approach for the prediction of small ligand binding,
which he plans to extend to protein docking in the near fu-758 Structure 15, July 2007 ª2007 Elsevier Ltd All rights reserture. Machine learning can also locate ‘‘funnels’’ singling
out correct docking solutions on the basis of a set of prop-
erties of the computed interfaces (O. Schueler-Furman,
Hebrew University, Jerusalem). Refinement steps apply
molecular mechanics or molecular dynamics with stan-
dard force fields or with potentials such as D. Baker’s
Rosetta, developed specifically for protein modeling. The
latter appear to perform better at that stage (C. Wang, Uni-
versity of Washington, Seattle; J. Gray, Johns Hopkins
University, Baltimore). Electrostatics and hydration terms
also play a major role (J. Fernandez-Recio, Barcelona
Supercomputing Center; C. Camacho, University of Pitts-
burgh; C.X. Wang, Beijing University of Technology), and
several authors now introduce explicit solvent in the calcu-
lation (S. Pal, Biosystems Informatics Institute, Newcastle-
upon-Tyne; A. Bonvin, Utrecht University).
Protein flexibility was a major topic in Toronto. Some of
the CAPRI targets are amenable to rigid-body docking,
but most require taking into account backbone flexibility,
especially in recent rounds. Thus, the CAPRI experiment
is a strong incentive for predictor groups to develop flex-
ible docking. Handling flexibility requires introducing inter-
nal degrees of freedom that greatly increase the size of the
computation and generate many more false positives that
scoring functions must sort out. Side-chain rotations are
relatively easy to handle, but changes in backbone confor-
mation have to be predicted, modeled, and incorporated
into the prediction procedure. Two alternative approaches
have been proposed in recent years. In one procedure,
sets of conformers are generated for individual compo-
nents of a complex by molecular dynamics or related
methods, then pairs of conformers, one from each set,
are systematically submitted to the docking algorithm
(A. Bonvin, Utrecht University; P. Bates, Cancer Research
UK, London; M. Zacharias, Jacobs University Bremen;
C. Pre´vost, IBPC, Paris). In the other, flexibility is intro-
duced during docking by allowing rotations about se-
lected bonds while performing Monte-Carlo optimizations
(C. Wang, University of Washington, Seattle; J. Gray,
Johns Hopkins University, Baltimore). The first approach
is effective when the conformation changes are of small
amplitude. Bond rotation can generate larger changes,
but it requires locating the relevant hinges in advance,
a step that can now be done automatically with the help
of the Elastic Network Model (D. Schneidman-Duhovny,
Tel Aviv University).
Most prediction procedures do their best to take bio-
chemical data into account. This can be done at the dock-
ing step by restricting the search to specific regions of the
protein surface or introducing distance constraints, and in
later steps by filtering candidate solutions. Automatic
servers (there are six that participated in recent rounds
of CAPRI) can be told to exclude or favor specified resi-
dues when searching for an interface, but most of the
information in the literature is difficult to incorporate in a ge-
neric and automatic procedure. The biochemical data
available at the time of prediction were abundant on
some of the CAPRI targets and scarce on others; they
were incorrect or misleading in several cases. The aminoved
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a protein, and multiple sequence alignments can in princi-
ple be used to locate conserved regions of the protein sur-
face implicated in specific interactions. However, the sig-
nal is generally weak, it can be irrelevant (in antigen/
antibody complexes for instance), or be relevant to inter-
actions other than the one of interest. Several CAPRI
groups have incorporated sequence-based selection
methods in their procedures, and success was reported
on some targets in Toronto (H. Nakamura, Osaka Univer-
sity; S. Qin and H.X. Zhou, University of Florida, Tallahas-
see). Structural similarity is another type of information that
may be used. Searching the PDB for similar binding modes
irrespective of sequence gives good results on a bench-
mark set of protein-protein complexes, but this has yet
to be tested in a CAPRI round (S. Gu¨nther, Charite´, Berlin).
CONCLUSION
Six years of CAPRI and three Assessment Meetings have
shown that prediction methods based on protein-protein
docking now produce reliable structural models when
the conformation changes are small. Sorting out false pos-
itives and simulating large conformation changes remain
a challenge, but predictor groups are actively developing
better scoring functions and methods to reproduce the
backbone movements and hinge rotations that accom-
pany protein-protein interaction. The CAPRI experiment
very much contributes to these developments, and we
thank all the structural biologists who offered targets, hop-
ing that they will inspire others to follow suit.
How to Submit a Target to CAPRI
A CAPRI target is a protein-protein complex for which you
have an unpublished X-ray (or possibly NMR) structure and
the component proteins are independently known. A round
of prediction starts within two weeks of the date you
contact joel.janin@u-psud.fr, and it ends 2–4 weeks later.
If both components of the target complex (or their close
homologs) are in the PDB, predictors will only be given
the relevant entry codes. If one component has no inde-
pendently known structure, you will be asked for ‘‘bound’’
coordinates taken from the complex, to be communicated
to the predictors who sign a clause of confidentiality (see
http://capri.ebi.ac.uk/). After the round is completed, the
coordinates of the target complex should be made
available to the CAPRI assessors. In all cases, they will
remain confidential until released by you or the PDB.SACKNOWLEDGMENTS
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